INTRODUCTION
There is almost complete identi®cation of the neural circuitry underlying a form of associative learning and memory called classical conditioning of the eyeblink response. The essential site of the plasticity for learning resides in the cerebellum, ipsilateral to the eye that is conditioned. The hippocampus is activated and can play a modulatory role in the rate of acquisition in the delay classical conditioning procedure which involves presentation of the conditioned stimulus (CS) such as a tone about half a second before presentation of the corneal air puff unconditioned stimulus (US) that overlaps with it. After the CS and US are paired for a number of trials, the organism blinks to the CS just before the onset of the US. This learned response is called the conditioned response (CR), and the cerebellum ipsilateral to the conditioned eye is essential for the acquisition and retention of the CR.
An array of neuroscienti®c techniques has been used to demonstrate the essential role of the cerebellum for learning and memory of the eyeblink CR in a number of nonhuman mammalian species including mice, rats, rabbits, cats, and monkeys. Virtually the entire circuit for eyeblink classical conditioning using the delay paradigm with a tone CS and an air puff US has been delineated [1] . The association between the CS and US can occur at two loci within the cerebellum. One critical locus is the interpositus nucleus of the cerebellum ipsilateral to the conditioned eye. Interpositus nucleus lesions produce a permanent loss of CRs in previously conditioned animals as well as prevent acquisition in animals not previously conditioned [2] .A second point of association of the tone CS and corneal air puff US is the cerebellar cortex. Aspiration of cerebellar cortex in rabbits [3] and complete degeneration of Purkinje cells in mutant mice [4] prolong acquisition, making organisms require up to eight times as many CS±US pairings to produce a signi®cant number of CRs. However, organisms with cerebellar cortical lesions or Purkinje cell loss eventually acquire CRs. These data from animal models indicate that the cerebellar cortex is normally engaged but not essential in acquisition. In rabbits, the number of Purkinje cells in cerebellar cortex is highly correlated with the rate of conditioning [5, 6] . Autopsy studies of human cerebellum suggest that cerebellar Purkinje cell loss begins relatively early in adulthood [7] . Although it is not possible to visualize Purkinje cells in cerebellar cortex with neuroimaging techniques, anatomical MRI scans of cerebellum are useful in estimating cerebellar cortical volume. Because Purkinje cells are the largest and most elaborated cells in cerebellar cortex, age-related differences in cerebellar volume likely re¯ect Purkinje cell loss. Three volumetric MRI studies of brain volume in humans over the entire adult age span reported a decrease in cerebellar volume with age [8±10] .
Activation in cerebellum ipsilateral to the conditioned eye has been reported in a number of human brain imaging studies using PET [11±13] or fMRI [14, 15] . Activations in the hippocampus during conditioning were also reported in a majority of these studies mapping brain activations and eyeblink conditioning in the delay procedure. We had the opportunity in the present study to examine the volume of brain structures assessed with anatomical MRI in older adults who had been tested on eyeblink classical conditioning in the delay procedure with a 400 ms CS±US interval. Participants ranged in age between 77 and 95 years and were beyond the middle-age period in life when eyeblink classical conditioning shows the greatest rate of age-related decline. Indeed, there is stability in 400 ms delay eyeblink conditioning in the oldold over a 3-year period [16] . In the case of this sample, neuropsychological testing was carried out to assure that participants were cognitively normal and not in the early stages of dementing diseases such as Alzheimer's disease. Neuropsychological test scores were also correlated with MRI volumetric measures to compare a variety of cognitive measures with brain volumes. The aim was to examine relationships among cognition and behavior in a sample of healthy older adults in which age was held relatively constant. Speci®cally, we were interested in cerebellar, hippocampal and total brain volume correlations with performance on eyeblink classical conditioning and neuropsychological measures.
MATERIALS AND METHODS
Subjects: A total of eight older adults with a mean ( AE s.d.) age of 82.5 AE 5.8 years who had been longitudinal participants in an investigation of eyeblink classical conditioning and neuropsychological test performance for 4 years were tested with a clinical MRI for the present investigation. There were four men with a mean age of 81.3 AE 4.2 years and four women with a mean age of 83.7 AE 7.5 years. These individuals were mentally intact when they were assessed with an MRI and had a mean Blessed Information Memory Concentration test score of 1.1 AE 1.0. Several weeks after MRI testing, the oldest subject became confused and was admitted to a nursing home, making it impossible to administer neuropsychological tests in close temporal proximity to the MRI. We did have scores for this subject from previous neuropsychological testing 2 years earlier. This research was approved by the Institutional Review Boards (IRB) at the Philadelphia Geriatric Center where eyeblink conditioning and neuropsychological testing took place and by the Temple University School of Medicine IRB where MRI scanning occurred. All participants read and signed several IRB approved informed consent forms before participating in each aspect of this longitudinal study, and the aims of each component were discussed at the conclusion of the test session.
Eyeblink classical conditioning apparatus and procedure: Participants were tested on eyeblink classical conditioning in 1995, 3.5±4 years before MRI testing. Prior to conditioning, a brief hearing test was administered with a Maico Audiometer at 1000 Hz. All subjects had corrected hearing thresholds , 45 dB in both ears. Spontaneous blink rate/ min for each subject was also calculated. Subjects were then ®tted with an adjustable headpiece that held an infrared photocell transducer which measured the eyeblink. Voltage changes from the photocell transducer were input to a microprocessor that stored and analyzed the data. Also attached to the headpiece was a tube positioned 2 cm from the subject's left cornea that delivered a 5 psi airpuff of medical grade oxygen as the US.
Each subject's preconditioning UR amplitude was calculated by presenting ®ve US-alone trials. After the preliminary measures were administered, a video recorder placed in front of the subject was turned on, and the subject was invited to watch a silent ®lm. Subjects were presented with 90 acquisition trials each consisting of a 500 ms, 1 kHz, 80 dB tone CS followed 400 ms after its onset by a 100 ms, 5 psi corneal airpuff US. The timing and presentation of the stimuli were controlled by the microprocessor. A response was scored as a CR if it was an eyeblink of > 0.5 mm and occurred 150±400 ms after the onset of the CS. Responses that occurred after 400 ms were scored as URs. The performance measure used for analyses was percentage of CRs among the total number of artifact-free trials.
Neuropsychological tests and procedure: Neuropsychological tests were administered to participants by the same tester (MMD-L) in 1997 and again 2±4 weeks after MRI testing in 1999. Test administration methods and results for the assessment in 1997 that included a larger sample with some cognitively impaired participants were reported previously [17] . The neuropsychological test battery, the cognitive domains assessed with this battery, and the mean scores for participants in the present sample in 1997 and 1999 are shown in Table 1 . Standardized neuropsychological tests were chosen to cover a number of cognitive domains including attention, memory, language, visuospatial ability, and general intelligence. These tests were also selected to evaluate domains impaired in Alzheimer's disease (AD) because of the high incidence of AD in older adults in the age-range of our sample. For example, performance on the Bushke Selective Reminding Test [18] , a test of episodic memory, is dramatically impaired for patients with AD [19] . Patients with AD are impaired on tests of semantic memory and executive function such as word¯uency and especially category¯uency [20] . It is well established that patients with AD have de®cits in visuospatial abilities as assessed with clock drawing [21] . Patients with AD have de®cits in language, especially with confrontation naming tests such as the Boston Naming Test [22] .
The neuropsychological testing session lasted for 1± 1.5 h, and tests were administered using standard methods. The order in which the tests were presented was the same for all subjects due to the requirement that speci®c time intervals for recall testing were required. Tests were administered in the order shown in Table 1 .
MRI equipment and procedure: A General Electric Signa 1.5 T MRI echo-speed scanner with standard head coil was used to take two MR sequences. First, the localizer scan was
acquired in a scan time of 2:15 min. Second, the volume data were acquired using a 3D spoiled gradient echo sequence (scan time 8 min; TR/TE 27 ms/9 ms; matrix 256 3 192; slice thickness 1.6 mm;¯ip angle 308). The total time that each subject was in the MRI area was , 30 min. All subjects were comfortable and cooperative in the MR scanner and were able to remain still.
Volumetric asssessment: Cerebellar volume was measured using the volume reformatting image analysis package available on the Advantage Windows Workstation (GE Medical Systems, version 2.0) . A trained operator (GG) who was blinded to the eyeblink classical conditioning and neuropsychological test results performed the cerebellar, hippocampal and total cranial volume measurements in all eight subjects.
For each subject there were 30 consecutive 1.6 mm sections of the cerebellum. The cerebellar cortex visible in each slice was outlined and measured from inferior to superior levels in the axial plane. Three measurements were taken and the average volume was used for each slice. Right and left cerebellar hemispheres were measured separately at the inferior levels and together at more superior levels. The window and level were set for each slice such that the entire cerebellum was seen and the borders between the cerebellum and the surrounding structures were clearly de®ned. Cerebellar gray and white matter were included in the volume measurements, while cerebellar peduncles were not. Distinguishing cerebellar peduncles from cerebellar white matter was dif®cult in many cases. However, all measurements were consistent with respect to where cerebellar white matter was included and excluded in the volume measurements. The entire measurement process was repeated twice for each brain, and the correlation between the ®rst and second measurement for the eight cerebella was 0.92, indicating relatively high reliability.
For measurement of hippocampus, 20±25 consecutive sections of the MR scan were measured from posterior to anterior level in the oblique coronal plane. In-plane hippocampal anatomical boundaries included the hippocampus proper (the CA1 to CA4 sectors), dentate gyrus with associated white matter (alveus and ®mbria) and the subiculum. The posterior boundary was de®ned by the oblique coronal anatomic section on which the crura of the fornices were identi®ed in full pro®le. The anterior boundary was de®ned as lying posterior and anterior to the amygdala. Using these landmarks as described by Jack et al. [23] , the entire hippocampus from the tail through the head was included in these measurements. The hippocampal volume was measured three times at each level and the average was used as for cerebellum. Right and left hippocampus were measured separately. This entire process was repeated twice, and the test±retest correlation for measurement of hippocampus was 0.97.Total intracranial volume (TIV) measurements were made using 40±45 axial MR sections that were measured from the inferior to superior level. Sagittal and coronal sections were used to determine the anatomical boundaries for TIV measurements. TIV included brain and CSF volumes from caudal boundary of the foramen magnum to the most superior level where brain and/or CSF were still seen. The measurements excluded diploe, retro-orbital fat and musculature. The entire brain was traced, total area was measured at each MR level, and this area was then multiplied by slice thickness (3.2 mm) to yield a volume for each level. Window and level was set at each section to ensure clear differentiation between bone, brain tissue, and CSF.
RESULTS
Individual variability in eyeblink classical conditioning performance was quite large, as is typical in older adults [16, 24, 25] , and ranged from 4.2 to 52.6%. The mean percentage of CRs was 21.7 AE 17.3, which was consistent with published reports of eyeblink conditioning performance in adults in the age-decade of the 80s. There were no signi®-cant age or gender differences in eyeblink conditioning in this group. Neuropsychological test performance for these subjects tested in 1997 and 1999 is presented on Table 1 . There were no signi®cant changes in performance over the 2-year period in the seven individuals who were retested. The scores for the eighth subject were within the range of the other seven subjects tested in 1997. However, the eighth subject did have the highest Blessed IMC score in 1997 (5; scores up to 6 considered to be within the normal range). The estimated IQ of this sample ranged from 94 to 130 with a mean of 119, well above the average IQ. In 1997 the oldest subject's estimated IQ was among the top scores. Participants' performance in the domains of attention, memory, language and visuospatial ability indicated that they were cognitively intact and functioning at an average to above average level for their age group. Their scores on the Geriatric Depression Scale were also in the normal range.
Cerebellar MRI scans in the axial plane are presented for each male participant in Fig. 1 and for each female participant in Fig. 2 . It is apparent that there is widening of sulci in cerebellar cortex indicating some atrophy with normal aging. Our measurements of total cerebellar volume for these individuals ranged from 99.3 to 113.9 ml with a mean of 103.8 AE 6.2 ml. These values for a sample ranging in age between 77 and 95 years appear comparable to cerebellar volume measurements reported by Luft et al. [8] , whose sample of 46 healthy volunteers included seven adults aged 60±73 years.
Correlations between cerebellar, hippocampal, and total cranial volume and percentage of CRs were calculated, and most were small and non-signi®cant with the exception of the correlations between cerebellar volume and CR percentage (see Table 2 ). The highest correlation was between cerebellar volume corrected for total cranial volume and CR percentage (r 0.81, p , 0.02; Fig. 3 ). Raw cerebellar volume also correlated highly with CR percentage (r 0.74, p , 0.05), but neither raw hippocampal volume nor hippocampal volume corrected for total cranial volume correlated with CR percentage (see Table 2 ). The correlation between total cranial volume and CR percentage was negative and non-signi®cant (r À0.4, n.s.).
To ensure that the signi®cant correlations between cerebellar volume and percentage of CRs were not the result of the one 95-year-old participant who was unable to be retested in 1999 on the neuropsychological tests due to mental confusion, we re-calculated the correlations without this subject. For the remaining seven subjects, the correlation between cerebellar volume corrected for total cranial volume and percentage of CRs was 0.79 ( p , 0.05). The oldest subject's data cannot account for the results we observed. Correlations were calculated between neuropsychological test scores for seven of the participants and brain volume measurements. None of the neuropsychological test scores correlated signi®cantly with hippocampal volume (see Table 2 ). The only other neuropsychological test score that correlated with cerebellar volume at a statistically signi®cant level was a measure associated with executive function and frontal lobe activation, word¯u-ency (categories). In this sample of elderly adults, age did not correlate signi®cantly with cerebellar volume or cerebellar volume corrected for total cranial volume (r À0.31 and À0.23, respectively). There was also no relationship between total cranial volume and age (r 0.0). However, the correlations for hippocampal volume and hippocampal volume corrected for total cranial volume were high and signi®cant at the 0.05 level of con®dence (r À0.72 and À0.80, respectively; Fig. 4 ). Removing the oldest subject from this correlation reduced its magnitude to À0.63 ( p 0.12).
DISCUSSION
Examining a large number of relationships among neuropsychological test scores, eyeblink classical conditioning, and volume of the hippocampus and cerebellum in a group of older adults, very few correlations attained statistical signi®cance. The main exception was the high correlation between cerebellar volume and cerebellar volume corrected for total cranial volume and performance on eyeblink conditioning. Subjects with greater cerebellar volume had higher levels of conditioning. This high correlation in a restricted age range of subjects is reminiscent of the high correlation observed in our laboratory between cerebellar cortical Purkinje cell number and conditioning performance in a group of young rabbits.
We had tested one sample of rabbits with an age range of 3±50 months and a second sample all of the same age (3 months) on eyeblink classical conditioning, and then counted Nissl stained Purkinje cells in regions of their cerebellar cortices [5] . A third sample of rabbits with a wider age range of 3±84 months was classically conditioned, and then Purkinje cells were selectively stained with mouse monoclonal antibodies and immunohistochemical techniques [6] . In all three samples, the fewer Purkinje cells a rabbit had, the longer it took to acquire CRs. The correlations between the number of trials to learning criterion were highly statistically signi®cant and were À0.61 in the 3-month-old rabbits, À0.79 in rabbits aged 3-50 months, and À0.60 in rabbits aged 3±84 months. Extending the age range to 84 months may have actually reduced the magnitude of the correlation between Purkinje cell number and trials to learning criterion because eyeblink classical conditioning shows no further decline beyond late-middle age in rabbits [6] or humans [25] .
Whereas the age-related impairment in eyeblink conditioning appears in the 40s, age-related impairment in declarative memory for which medial-temporal lobe circuits are essential occurs later in life, in the 70s or beyond [25, 26] . The fact that in this elderly sample there was a correlation between age and hippocampal volume and not Relationship between cerebellar volume corrected for total cranial volume and percentage of conditioned responses (CRs) in eight subjects ranging in age between 77 and 95 years. Cerebellar volume was measured twice, and error bars are the standard deviation of that measurement. In the three cases for which the error bars were too small to register on the y-axis, the s.d. were 0.0011, 0.0011 and 0.0013 ml. Fig. 4 . Coronal view of the hippocampus of all eight participants shown from the youngest (a) to the oldest (h). The correlation between hippocampal volume and chronological age was À0.72, and the correlation between hippocampal volume corrected for total cranial volume and age was À0.80. cerebellar volume is congruent with the behavioral data indicating a decline in cerebellar-dependent tasks such as eyeblink conditioning in middle age and hippocampusdependent tasks in old age. Most of the signi®cant and age-related changes in the cerebellum may have already occurred in these individuals of a mean age of 83 years, whereas volume in the hippocampus was greater in participants in their late-70s than in the older participants. Of course this hypothesis requires further testing with larger human samples over a greater age range. Among all the correlations between neuropsychological test scores and brain volume, very few attained statistical signi®cance. Apart from the correlations between cerebellar volume and eyeblink conditioning, only the correlation between cerebellar volume and word¯uency for categories attained statistical signi®cance. Category¯uency is associated with prefrontal lobe function, as are tests of working memory such as backward digit span that had a high but nonsigni®cant correlation with cerebellar volume corrected for total brain volume (r 0.62). Attention has been directed to the extensive fronto-cerebellar pathways and their implications for a role of the cerebellum in cognition [27] . The correlations we observed between neuropsychological assessments of executive function and cerebellar volume may re¯ect a role for cerebellum in these tasks or a combined cerebellar-frontal role. Of course this observation requires replication and validation in a larger sample of adults. Until quite recently, the role of the cerebellum in cognition has received little research attention whereas the role of medial-temporal lobe structures including the hippocampus in memory has been a central focus of research in cognitive neuroscience. In this small sample, as would be expected the correlations between corrected hippocampal volume, the Buschke [18] measure of episodic memory, and the measure of confrontation naming were high (r 0.53 and r 0.50, respectively), although they did not attain statistical signi®cance. Given the striking relationships we have observed between cerebellar volume and eyeblink classical conditioning in this small sample in which age is held relatively stable, further exploration of the role of the cerebellum in cognitive and aging processes seems warranted.
CONCLUSION
MRI assessment of cerebellar volume was highly correlated with pro®ciency on eyeblink classical conditioning in adults in the age-range 77±95 years. Correlation coef®-cients for this group calculated between hippocampal volume, eyeblink conditioning, and 15 neuropsychological tests assessing attention, memory, language, visuospatial ability, and general intelligence did not attain statistical signi®cance. The only signi®cant correlate of hippocampal volume in these elderly subjects was chronological age. These results add to the extensive body of research in animals and increasing body of research in humans demonstrating a relationship between the integrity of the cerebellum and eyeblink classical conditioning.
